Background {#sec1}
==========

Plant growth and productivity are threatened by exposure to extreme environmental conditions \[[@bib1]\]. Temperature and precipitation extremes have resulted, among other climate-related consequences, in heat waves and drought events \[[@bib4], [@bib5]\] that are projected to continue with increased frequency and intensity in the future \[[@bib4], [@bib6], [@bib7]\]. In parallel, models indicate that high temperature and water scarcity have caused yield losses \[[@bib8], [@bib9]\], which will be exacerbated under future climate scenarios \[[@bib10], [@bib11]\]. Rice is among the major crops that have been negatively affected by drought and heat \[[@bib12], [@bib13]\], and this poses a serious threat to food availability because rice is a staple food for almost half of the world\'s population \[[@bib14]\].

The effects of heat \[[@bib15]\] and drought \[[@bib19]\] on rice have been extensively studied, particularly during the stress-sensitive flowering and grain-filling stages, where they result in significant grain yield and quality losses. Furthermore, the responses of rice to the simultaneous occurrence of these 2 stresses have been documented \[[@bib22]\]. Over recent years, an increasing number of studies have focused on the effects of combined drought and heat stress on plants \[[@bib27], [@bib28]\] due to the recognition that stress combinations are frequent under field conditions and are more detrimental for plants than the single stresses \[[@bib29]\]. Yet the molecular mechanisms enabling tolerance to combined drought and heat stress still remain to be elucidated, particularly in cereals \[[@bib28]\]. In addition, there is still very little knowledge about the effects of combined stress on plants grown under field conditions.

In most cases, abiotic stresses are transient, with fluctuating temperatures and drought periods followed by rain, and hence plants are subjected to episodes of stress and recovery \[[@bib30]\]. Plant survival is in fact determined by both the responses during exposure to stress and during the subsequent recovery phase \[[@bib31], [@bib32]\]. The extent of recovery depends on the duration and intensity of the stress, and the plant genotype, growth stage, and organ/tissue that is examined \[[@bib33], [@bib34]\]. While the effects of abiotic stresses on plants and the mechanisms by which plants cope with such environmental conditions have been studied in detail, little is known about how plants respond during recovery. In rice, morpho-physiological traits, abscisic acid levels, gene expression, and protein levels change during recovery from heat \[[@bib34], [@bib35]\] and drought \[[@bib36]\]. In contrast, nothing is known about the recovery process from combined drought and heat stress in rice and there is very limited information about this process in other plant species as well. Most of the physiological, biochemical, and metabolic changes observed under stress are reversed upon recovery in eucalypts \[[@bib39]\], while combined drought and heat stress induces irreversible changes in water status and chloroplast ultrastructure of tomato leaves \[[@bib40]\].

We have conducted experiments to evaluate the responses of field-grown rice to combined drought and heat stress, by withholding water and thus limiting transpirational cooling, and subsequent recovery after rewatering and have reported the effects on agronomic and physiological parameters of 3 cultivars with contrasting stress tolerance \[[@bib25]\]. In addition, we have reported the effects of mild and severe stress treatments on the metabolome of flag leaves, flowering spikelets, and developing seeds from the same plants \[[@bib26]\]. In the present study, we analyzed the metabolic changes during rewatering following severe drought and heat stress. The objectives of this study were to (i) analyze the metabolite profiles of flag leaves, flowering spikelets, and developing seeds of the 3 differentially drought- and heat-tolerant rice cultivars N22, Dular, and Anjali under control, combined drought and heat stress, and rewatering conditions; (ii) compare the metabolite contents of flag leaves and developing seeds collected under fully flooded control conditions on 4 consecutive days during the early grain-filling stage; (iii) evaluate changes in the content of stress-responsive metabolites in each organ during rewatering at the flowering and early grain-filling stages; and (iv) identify metabolites whose changes in levels between stress and recovery were significantly correlated with reduced grain yield and quality due to combined drought and heat stress.

Data Description {#sec2}
================

Field experiments were performed in 3 consecutive years (2013, 2014, 2015) during the dry season (flowering and early grain filling in late April to early May, coinciding with the hottest time of the year) at the International Rice Research Institute (IRRI) in the Philippines. Experiments included the rice cultivars N22 (drought, heat, and combined drought and heat tolerant), Dular (drought tolerant, heat and combined drought and heat susceptible), and Anjali (drought, heat, and combined drought and heat susceptible) \[[@bib23]\]. Samples were collected from plants that either were grown under fully flooded control conditions or were drought stressed during the flowering or early grain-filling stage. At the end of the stress period, plants were rewatered and additional samples were taken 12, 36, and 60 hours after rewatering. Drought induced an increase in panicle temperature due to the lack of transpirational cooling, resulting in heat stress \[[@bib25]\]. This combined drought and heat stress resulted in significant reductions in grain yield and quality \[[@bib25]\]. Samples were taken from flag leaves, flowering spikelets, and developing seeds, and soluble metabolites were profiled by gas chromatography--mass spectrometry (GC-MS). The data from these 1,241 samples have been deposited in the MetaboLights database \[[@bib41]\] and are freely available at GigaDB \[[@bib42]\]. Details of the metabolite identification and filtering to obtain the final set of metabolites used for detailed analysis are reported in our previous publication \[[@bib26]\]. An in-depth analysis of the data from 444 samples obtained under well-watered control conditions, during the early, mild stress phase and during the late, more severe stress phase, has been presented recently \[[@bib26]\]. Here, we analyzed the metabolomic responses of the plants to rewatering after exposure to severe drought and heat stress. This analysis comprises the same sets of metabolites that were obtained by GC-MS analysis (81 in flag leaves, 88 in flowering spikelets, and 67 in developing seeds) in our previous study. We analyzed data from 1,151 samples that were obtained under control conditions, during severe drought and heat stress, and 12, 36, and 60 hours after rewatering. The 90 samples that were collected during the early, mild stress phase, which preceeded the severe stress, were not considered. We identified metabolites that were significantly changed in their abundance after rewatering compared to the severe stress situation and correlated these changes with either the reduction in yield or the loss of grain quality under stress. These metabolites constitute potential metabolic markers that may be used for the breeding of new stress-tolerant rice cultivars.

Analysis and Discussion {#sec3}
=======================

Tissue samples1pc of flag leaves during the flowering and early grain-filling stages, flowering spikelets, and developing seeds of the rice cultivars N22, Dular, and Anjali were separately subjected to principal component analysis (PCA) (Fig. [1](#fig1){ref-type="fig"}). In all cases, we observed separation between cultivars and among the treatments, which are described in detail below.

![Principal component analysis (PCA) of rice metabolite profiles. Scores of the first 2 principal components (PC1 and PC2) from PCA of the metabolite profiles of flag leaves at the flowering stage (A), flag leaves at the early grain-filling stage (B), flowering spikelets (C), and developing seeds (D) collected under control and severe stress conditions, and 12, 36, and 60 hours after rewatering. Samples were collected from the cultivars N22, Dular, and Anjali in 3 experiments (n = 12--15 per organ per condition). Scores shown are averages of the median-normalized and log~10~-transformed values of 81, 88, and 67 metabolites in flag leaves, flowering spikelets, and developing seeds, respectively, that were detected in common across the 3 experiments.](giz102fig1){#fig1}

Metabolic profiles change over 3 days under control conditions during the early grain-filling stage {#sec3-1}
---------------------------------------------------------------------------------------------------

During early grain filling, samples from plants under control conditions were collected in parallel to the samples collected from the plots designated for stress treatment, starting from the final stress time point until 60 hours after rewatering. Owing to the set-up of the experiments, it was not possible to obtain similar control samples also during the flowering stage, where we only collected control samples once during the peak of flowering. The control samples collected during the early grain-filling stage may thus represent a developmental time series, although we need to stress that we did not obtain any data independent of the metabolite profiles that allow the characterization of developmental differences. However, the prediction of metabolic differences associated with time-dependent development is substantiated by the PCAs that show shifts along principal component (PC) 1 for the different control samples from flag leaves and developing seeds (Fig. [1B](#fig1){ref-type="fig"} and [D](#fig1){ref-type="fig"}, respectively). In fact, 45 metabolites from flag leaves (Fig. [2](#fig2){ref-type="fig"}) and 57 metabolites from developing seeds (Fig. [3](#fig3){ref-type="fig"}) showed significant differences between control samples collected at the final stress time point and at least 1 of the rewatering time points in any of the 3 cultivars. This constitutes 56% and 85% of the metabolites analyzed in these organs. It should, however, be noted that many of these metabolites only showed significant differences in content over time in 1 cultivar and often only at 1 or 2 time points (Figs   [2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Nevertheless, there was a clear tendency in both organs that the content of most metabolites decreased over time. These strong differences in metabolite profiles over a relatively short time span of 60 hours under control conditions emphasize the difficulty of defining the best control time points to compare stress treatments to because the final conclusions will obviously be influenced by this choice. In particular when stressed plants exhibit slower development compared with the control plants, even samples taken at the same time point may not be an ideal choice and there may in fact not be a single "correct" control.

![Constitutive levels of metabolites in flag leaves during the early grain-filling stage. Flag leaves were collected from 3 rice cultivars under well-watered control conditions in parallel to collection of samples from plants exposed to severe stress and 12, 36, and 60 hours after subsequent rewatering (RW). Metabolites that showed significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) differences in constitutive levels between the control samples at the stress time point and any of the control samples taken at the different time points after RW are shown in the heat map. Values are means of the median-normalized and log~2~-transformed relative metabolite content as indicated by the color code. Asterisks indicate the level of significance (\* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001). Note that the first column of each cultivar (Control---Severe stress) has no asterisks because it is the reference for comparison with the other columns.](giz102fig2){#fig2}

![Constitutive levels of metabolites in developing seeds. Developing seeds were collected from 3 rice cultivars under well-watered control conditions in parallel to collection of samples from plants exposed to severe stress and 12, 36, and 60 hours after subsequent rewatering (RW). Metabolites that showed significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) differences in constitutive levels between the control samples at the stress time point and any of the control samples taken at the different time points after RW are shown in the heat map. Values are means of the median-normalized and log~2~-transformed relative metabolite content as indicated by the color code. Asterisks indicate the level of significance (\* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001). Note that the first column of each cultivar (Control---Severe stress) has no asterisks because it is the reference for comparison with the other columns.](giz102fig3){#fig3}

In flag leaves 11 metabolites (asparagine and the bottom 10 metabolites in Fig. [2](#fig2){ref-type="fig"}) showed a general decrease in content in all cultivars across the time points, although these reductions were not always statistically significant. Several other metabolites only showed a reduction in Dular and/or Anjali at the last sampling time point (60 hours; 11% of all 57 significantly changed metabolites in N22, 36% in Dular, 42% in Anjali). The majority of metabolites in developing seeds that showed significant changes over time, as grains developed and filled with starch, exhibited reduced levels in all 3 cultivars (Fig. [3](#fig3){ref-type="fig"}). Interestingly, in developing seeds many significant changes in metabolite content, in particular in Dular, were already evident in samples collected 12 hours after the first control samples, when the flag leaf metabolome showed only a few significant changes (Fig. [2](#fig2){ref-type="fig"}). In addition, at the 60 hours sampling time point, 68%, 67%, and 49% of all metabolites that showed a significant change in content across all time points and cultivars were significantly altered in N22, Dular, and Anjali, respectively. From this comparison between flag leaves and developing seeds we may hypothesize that seeds showed a higher rate of metabolic change than flag leaves. In particular, the massive reduction in the content of many amino acids and organic acids could argue for a rapid conversion from metabolically active pools to a reserve storage. This is in agreement with metabolomic studies in maize \[[@bib43]\] and rice \[[@bib44]\] that also found a strong reduction in the levels of many primary metabolites during seed development.

Effects of rewatering on the metabolome of drought- and heat-stressed plants {#sec3-2}
----------------------------------------------------------------------------

In our previous report \[[@bib26]\], we evaluated the metabolic responses of rice to severe combined drought and heat stress. Fifty-five stress-responsive metabolites were identified across the 3 cultivars in flag leaves at the flowering stage, 51 in flag leaves at the early grain-filling stage, 53 in flowering spikelets, and 28 in developing seeds. Here, we highlight changes of these metabolites between stressed plants before and after rewatering. Additionally, we compare metabolite levels after rewatering with levels under fully flooded control conditions to assess to what extent the plants had recovered from stress.

### Flag leaves {#sec3-2-1}

In flag leaves at both the flowering and early grain-filling stages, PCA revealed that PC1, which explained 34% of the variance in the data, separated the metabolite profiles of samples from control and stressed plants, with the samples taken after rewatering located between these 2 extremes (Fig. [1A](#fig1){ref-type="fig"} and [B](#fig1){ref-type="fig"}). While the metabolite profiles of flag leaves at the flowering stage collected 12 hours after rewatering were still close to the stressed samples, profiles obtained 36 and 60 hours after rewatering were more similar to control conditions, indicating partial metabolic recovery (Fig. [1A](#fig1){ref-type="fig"}). Flag leaves from the early grain-filling stage 36 and 60 hours after rewatering approached the metabolite composition of control samples collected in parallel to the stress and 12 hours rewatering time points (Fig. [1B](#fig1){ref-type="fig"}), also indicating recovery. However, the data also suggest that the unstressed leaves developed faster, while the drought- and heat-stressed leaves suffered a delay in development and did not reach the metabolic composition of the control samples taken 60 h after rewatering. Moreover, the drought-susceptible cultivar Anjali was separated from the drought-tolerant cultivars N22 and Dular by PC2, which accounted for ∼24--26% of the total variance.

The metabolic response of flag leaves at the flowering stage to rewatering involved mainly the reduction of metabolite levels in comparison with levels under severe stress (Fig. [4](#fig4){ref-type="fig"}). At 12 hours after rewatering, only 10 of the 55 stress-responsive metabolites showed significant differences in their relative levels (Fig. [4A](#fig4){ref-type="fig"} and [B](#fig4){ref-type="fig"}). Among 7 metabolites with reduced and 3 with increased levels, 8 showed cultivar-specific responses. After 36 and 60 hours of rewatering, ∼60% of the stress-responsive metabolites showed significant differences compared to their levels under severe stress (Fig. [4C](#fig4){ref-type="fig"}--[F](#fig4){ref-type="fig"}). The majority of these metabolites had lower levels during recovery than under stress and more than half of the metabolites with reduced levels 60 h after rewatering were common to either all or any 2 of the cultivars (Fig. [4F](#fig4){ref-type="fig"}). In spite of these changes during recovery, ∼60% of all analyzed metabolites were still significantly different from their control levels at the different rewatering time points ([Additional file 1](#sup6){ref-type="supplementary-material"}), indicating incomplete metabolic recovery.

![Changes in the levels of stress-responsive metabolites in flag leaves at the flowering stage after rewatering (RW). Venn diagrams show the number of common and cultivar-specific metabolites that showed a significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) increase (A, C, E) or decrease (B, D, F) in levels 12 hours (A, B), 36 hours (C, D), and 60 hours (E, F) after RW relative to severe stress conditions. Numbers in parentheses indicate the total number of metabolites with increased/decreased abundance in each cultivar. The corresponding metabolites are shown in the heat map (G). The values, expressed as log~2~-fold change between plants after RW and plants under severe stress, are indicated by the color code and hierarchically clustered using Euclidean distance and average linkage. Asterisks indicate the level of significance (\* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001).](giz102fig4){#fig4}

Metabolites that showed increased levels in flowering-stage flag leaves after rewatering included primarily organic acids such as citric, isocitric, and glyceric acid (Fig. [4G](#fig4){ref-type="fig"}). These metabolites exhibited reduced levels under severe drought and heat stress, but in spite of the accumulation during recovery were still significantly lower in some cultivars compared with the well-watered control samples ([Additional file 2](#sup6){ref-type="supplementary-material"}). On the other hand, several metabolites that increased under severe stress were reduced in all cultivars after rewatering, including raffinose, glucose, proline, glycine, and *N*-carboxyglycine (Fig. [4G](#fig4){ref-type="fig"}). Proline was strongly reduced in both drought-tolerant cultivars (N22 and Dular) but showed an earlier response in the combined drought- and heat-tolerant N22. The levels of these metabolites mainly returned to control levels after 60 hours of rewatering ([Additional file 2](#sup6){ref-type="supplementary-material"}).

In flag leaves at the early grain-filling stage, the responses after rewatering were generally similar to those observed at the flowering stage, with an increasing number of metabolites with significantly different levels between rewatering and severe stress over time. The majority of these changes were reductions in metabolite levels (Fig. [5](#fig5){ref-type="fig"}). The responses 12 hours after rewatering were mostly cultivar specific, with the drought- and heat-susceptible cultivar Anjali showing the highest number of significant changes (Fig. [5A](#fig5){ref-type="fig"} and [B](#fig5){ref-type="fig"}). N22 and Anjali had also accumulated some common metabolites 36 h after rewatering, but none of them were in common with Dular (Fig. [5C](#fig5){ref-type="fig"}). In contrast, among the metabolites that exhibited reduced levels after rewatering, more than one-third (9 metabolites) were common among all 3 cultivars at 36 hours after rewatering (Fig. [5D](#fig5){ref-type="fig"}), out of which 6 were amino acids (Fig. [5G](#fig5){ref-type="fig"}). N22 showed a response more similar to that of the equally drought-tolerant Dular 60 hours after rewatering than to that of the susceptible cultivar Anjali, while there was no exclusive overlap between the heat-susceptible cultivars Dular and Anjali (Fig. [5E](#fig5){ref-type="fig"} and [F](#fig5){ref-type="fig"}). Moreover, metabolic recovery was again only partial, with up to 59% of all analyzed metabolites having significantly different levels between samples from rewatered compared to the corresponding well-watered plants ([Additional file 3](#sup6){ref-type="supplementary-material"}).

![Changes in the levels of stress-responsive metabolites in flag leaves at the early grain-filling stage after rewatering (RW). Venn diagrams show the number of common and cultivar-specific metabolites that showed a significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) increase (A, C, E) or decrease (B, D, F) in levels 12 hours (A, B), 36 hours (C, D), and 60 hours (E, F) after RW relative to severe stress conditions. Numbers in parentheses indicate the total number of metabolites with increased/decreased abundance in each cultivar. The corresponding metabolites are shown in the heat map (G). The values, expressed as log~2~-fold change between plants after RW and plants under severe stress, are indicated by the color code and hierarchically clustered using Euclidean distance and mean linkage. Asterisks indicate the level of significance (\* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001).](giz102fig5){#fig5}

Similar to the response of flag leaves at the flowering stage, the levels of the tricarboxylic acid cycle intermediates isocitric and citric acid also increased after rewatering in flag leaves at the early grain-filling stage, accompanied by a decrease in amino acid and sugar levels (Fig. [5G](#fig5){ref-type="fig"}). In the case of isocitric acid, the response was exhibited only by N22 and Anjali (Fig. [5G](#fig5){ref-type="fig"}), in contrast to a general response of all cultivars in flag leaves during flowering (Fig. [4G](#fig4){ref-type="fig"}). Even with this increase in levels after rewatering from reduced levels during severe stress, the magnitude of change was not sufficient to reach control levels ([Additional file 4](#sup6){ref-type="supplementary-material"}). Conversely, all cultivars showed reduced levels of several metabolites, including isoleucine, valine, raffinose, 2-oxo-glutaric acid, and proline in flag leaves during early grain filling, with a cultivar-dependent extent and timing of change (Fig. [5G](#fig5){ref-type="fig"}). While proline levels quickly returned to control values during rewatering, raffinose levels remained higher than the constitutive levels ([Additional file 4](#sup6){ref-type="supplementary-material"}), similar to the observation in flag leaves at the flowering stage. Interestingly, the levels of sucrose, a well-known compatible solute that is frequently found accumulated in plants under various stress conditions, were not increased under severe stress in flag leaves at either developmental stage and also did not consistently change after rewatering.

The only directly comparable metabolomic data obtained using a similar experimental design was generated from eucalypts, where the accumulation of metabolites, mostly amino acids, during combined drought and heat stress was reversed during recovery \[[@bib39]\], which we have also observed for most of the stress-induced metabolites. In switchgrass exposed to drought stress and rewatering, the metabolite profile after 4 hours of recovery was not significantly different from that of the stress condition \[[@bib45]\], which is in line with our finding that plants under stress and 12 hours after rewatering have similar metabolic profiles. Meanwhile, the metabolome of *Arabidopsis* leaves has been investigated after cold acclimation at 4°C and after a subsequent shift back to control temperatures (20°C). Quite strikingly, in this study a similar strong reduction of the levels of metabolites that were accumulated in the cold was observed \[[@bib46]\]. This reversal of the metabolic stress effect, however, was even stronger and more rapid (within 24 h) in *Arabidopsis* after the temperature shift than it was in rice after rewatering. This may in part be due to the fact that a temperature shift can be experimentally performed much more rapidly by immediate transfer of plants between climate chambers than rewatering a rice field. In addition, and perhaps more importantly, temperature equilibration of *Arabidopsis* plants after the shift was likely faster than the recovery of water status in rice plants.

### Flowering spikelets {#sec3-2-2}

In the PCA (Fig. [1C](#fig1){ref-type="fig"}) the metabolite profiles of flowering spikelets were separated between rewatering time points and cultivars. This was similar to flag leaves, but the distinction between cultivars contributed more (31%) to the overall variance than the separation between time points (21%). In addition, the control, stress, and 12 hours rewatering samples clustered much more closely together in N22 than in Dular and Anjali.

In total, 77% of the 53 stress-responsive metabolites in flowering spikelets differed significantly in at least 1 cultivar during at least 1 of the rewatering time points compared to the severe drought and heat treatment. Similar to what we described for flag leaves above, most of these metabolites showed significantly reduced levels (Fig.   [6](#fig6){ref-type="fig"}). At 12 hours after rewatering, 24 metabolites showed a decrease in Dular and/or Anjali, while only 4 metabolites responded in N22 (Fig. [6B](#fig6){ref-type="fig"}). N22 had 2 common metabolic responses each with 1 of the other cultivars, while Dular and Anjali had 9 metabolites in common, of which most were amino acids (Fig. [6G](#fig6){ref-type="fig"}). Conversely, the 6 metabolites that showed increased levels 12 hours after rewatering were all cultivar specific (Fig. [6A](#fig6){ref-type="fig"}), and the same was true for the 2 metabolites with increased levels 60 hours after rewatering (Fig. [6E](#fig6){ref-type="fig"}). At 36 and 60 hours after rewatering, the number of metabolites with significantly changed levels that were common between all 3 cultivars increased to 8 (Fig. [6D](#fig6){ref-type="fig"}) and 9 (Fig. [6F](#fig6){ref-type="fig"}), respectively. In addition to ribitol, which was already common between all cultivars 12 hours after rewatering, 7 amino acids exhibited lower levels relative to the stressed condition after 36 hours. After 60 hours the unidentified metabolite A170001 was in addition commonly reduced in all cultivars. Five of these amino acids, namely, glycine, isoleucine, leucine, tyrosine, and valine, already had reduced levels 12 hours after rewatering in the combined drought- and heat-susceptible cultivars Dular and Anjali (Fig. [6G](#fig6){ref-type="fig"}). Nevertheless, only ∼30% of the 88 metabolites analyzed in flowering spikelets had reverted back to control levels after rewatering ([Additional file 5](#sup6){ref-type="supplementary-material"}), indicating incomplete metabolic recovery also in flowering spikelets ([Additional file 6](#sup6){ref-type="supplementary-material"}).

![Changes in the levels of stress-responsive metabolites in flowering spikelets after rewatering (RW). Venn diagrams show the number of common and cultivar-specific metabolites that showed a significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) increase (A, C, E) or decrease (B, D, F) in levels 12 hours (A, B), 36 hours (C, D), and 60 hours (E, F) after RW relative to severe stress conditions. Numbers in parentheses indicate the total number of metabolites with increased/decreased abundance in each cultivar. The corresponding metabolites are shown in the heat map (G). The values, expressed as log~2~-fold change between plants after RW and plants under severe stress, are indicated by the color code and hierarchically clustered using Euclidean distance and mean linkage. Asterisks indicate the level of significance (\* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001).](giz102fig6){#fig6}

### Developing seeds {#sec3-2-3}

In the PCA of the metabolite profiles of developing seeds (Fig. [1D](#fig1){ref-type="fig"}), PC1 (43% of the total variance) separated the developing seed samples according to the time after rewatering, while PC2 (25% of the total variance) separated metabolite profiles of Dular from N22 and Anjali. Interestingly, there was no clear separation between samples from plants that were grown under control conditions at the different time points and samples from plants that had experienced severe drought and heat stress and rewatering.

Among the investigated organs, developing seeds had shown the smallest number of metabolites with significantly altered levels under severe stress conditions \[[@bib26]\]. Consequently, the number of metabolites that were significantly influenced by rewatering compared to the stressed state was also quite low (Fig. [7](#fig7){ref-type="fig"}). We only observed 1, 4, and 2 metabolites that showed an increase 12, 36, and 60 hours after rewatering (Fig. [7A](#fig7){ref-type="fig"}, [C](#fig7){ref-type="fig"}, [E](#fig7){ref-type="fig"}), respectively, and only raffinose content in Anjali was increased at all time points (Fig. [7G](#fig7){ref-type="fig"}). However, it was also increased in N22 and Dular at the later time points. This typical stress-induced osmolyte was specifically further accumulated after rewatering in developing seeds, while it was massively reduced after rewatering in flag leaves. However, this may be a developmental effect, as raffinose accumulates in rice during seed development, independent of stress effects \[[@bib47]\].

![Changes in the levels of stress-responsive metabolites in developing seeds after rewatering (RW). Venn diagrams show the number of common and cultivar-specific metabolites that showed a significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) increase (A, C, E) or decrease (B, D, F) in levels 12 hours (A, B), 36 hours (C, D), and 60 hours (E, F) after RW relative to severe stress conditions. Numbers in parentheses indicate the total number of metabolites with increased/decreased abundance in each cultivar. The corresponding metabolites are shown in the heat map (G). The values, expressed as log~2~-fold change between plants after RW and plants under severe stress, are indicated by the color code and hierarchically clustered using Euclidean distance and mean linkage. Asterisks indicate the level of significance (\* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001).](giz102fig7){#fig7}

The number of metabolites in developing seeds that showed significantly lower levels than under stress increased over time after rewatering from 6 to 14 and 20 after 12, 36, and 60 hours (Fig. [7B](#fig7){ref-type="fig"}, [D](#fig7){ref-type="fig"}, [F](#fig7){ref-type="fig"}, [G](#fig7){ref-type="fig"}), similar to the response of flag leaves and flowering spikelets. This corresponded to a time-dependent decrease in the number of metabolites whose levels were significantly different from constitutive levels ([Additional file 7](#sup6){ref-type="supplementary-material"}). The decrease in the levels of isoleucine and threonine in developing seeds 12 hours after rewatering relative to the levels under stress resulted in relative concentrations similar to those under control conditions in all cultivars at this time point ([Additional file 8](#sup6){ref-type="supplementary-material"}). The further reduction after 36 hours led to significantly lower isoleucine and threonine content than in the control samples in N22 and Anjali. However, these levels increased again and approached the control values 60 hours after rewatering.

Correlations between metabolite composition after rewatering and grain yield and quality {#sec3-3}
----------------------------------------------------------------------------------------

We have previously identified potential marker metabolites for tolerance to combined drought and heat stress expressed as the stability of grain yield and quality under stress \[[@bib26]\]. These markers were identified from the metabolomes of the 3 cultivars under control and severe stress conditions. Here, we identified additional metabolite marker candidates from the metabolomes of the 3 rice cultivars after rewatering. We tested the correlation between changes in metabolite levels before (severe stress) and after rewatering, and the stress-induced reduction in grain yield and increase in proportion of chalky grains (i.e., percentage of grains with \>50% chalk content). To determine the magnitude of metabolic changes we compared metabolite content between stressed plants and plants 60 hours after rewatering as an indirect measure of the speed of metabolic recovery from stress. A positive correlation from this analysis indicates that larger changes in the content of a metabolite during rewatering are associated with either a smaller yield reduction or a larger increase in the fraction of chalky grains.

Correlations between changes in metabolite levels after rewatering and yield reduction under stress {#sec3-4}
---------------------------------------------------------------------------------------------------

The correlation analysis between changes in metabolite levels after rewatering and the drought and heat stress--induced reduction in yield identified 28 metabolites with significant correlations (Table [1](#tbl1){ref-type="table"}). Most of the metabolites exhibited a positive correlation, indicating that these metabolites had larger changes in levels after rewatering when stress-induced yield loss was smaller. On the other hand, 9 metabolites yielded negative correlations, of which all except A180002 were observed in flag leaves collected during the early grain-filling stage and in developing seeds. Only erythronic acid and the unknown A147011 showed significant correlations for both sink organs (flowering spikelets and developing seeds), while there were no metabolites that showed significant correlations in flag leaves at both developmental stages. Isocitric acid was common between flag leaves at the flowering stage and developing seeds, while phosphoric acid was common in flag leaves at the early grain-filling stage and flowering spikelets. In both cases the metabolites showed opposite directions of the correlations in the source and sink organs. Aside from these, all other metabolites were unique to a specific organ at a specific developmental stage. The highest number of significant correlations was detected for metabolites in developing seeds (15 metabolites) and the lowest in flag leaves at the flowering stage (3 metabolites). Flag leaves at the early grain-filling stage and flowering spikelets each had 7 metabolites with significant correlations.

###### 

Correlation between yield reduction and changes in metabolite levels

  Organ/Developmental stage               Metabolite                   Correlation coefficient
  --------------------------------------- ---------------------------- -------------------------
  Flag leaves/Flowering stage             Glycerophosphoglycerol       0.72
                                          Isocitric acid               0.77
                                          Ribitol                      0.72
  Flag leaves/Early grain-filling stage   A116014                      0.80
                                          A214004                      0.83
                                          Dehydroascorbic acid dimer   0.87
                                          Glyceric acid                −0.75
                                          Glycine                      −0.88
                                          Malic acid                   −0.83
                                          Phosphoric acid              −0.78
  Flowering spikelets                     **A147011**                  **0.73**
                                          A180002                      −0.78
                                          Arbutin                      0.82
                                          Aspartic acid                0.72
                                          **Erythronic acid**          **0.73**
                                          Galactonic acid              0.73
                                          Phosphoric acid              0.77
  Developing seeds                        **A147011**                  **0.77**
                                          A203003                      0.73
                                          A311002                      0.72
                                          **Erythronic acid**          **0.70**
                                          Fructose                     0.77
                                          Gluconic acid                0.70
                                          Glucose                      0.77
                                          *myo*-Inositol-phosphate     0.70
                                          Isocitric acid               −0.72
                                          Kestose, 1-                  0.80
                                          *N*-Carboxyglycine           0.83
                                          Pyridine, 2-hydroxy-         −0.75
                                          Pyridine, 3-hydroxy-         −0.73
                                          Pyruvic acid                 −0.92
                                          Threonic acid                0.73

Metabolites with significant correlations (Spearman\'s rank correlation, *P* \< 0.05) between stress-induced yield reduction and the changes in metabolite levels (expressed as log~2~-fold change) 60 hours after rewatering relative to severe stress are shown together with the corresponding correlation coefficients. The analysis was performed for metabolites from flag leaves collected during the flowering and early grain-filling stages, flowering spikelets, and developing seeds. Boldfaced metabolites are common between the 2 sink organs. Metabolites are sorted alphabetically.

Of these 28 metabolites, 17 were also identified in our previous analysis, where we used metabolite changes under stress and constitutive metabolite content for correlation with yield reduction \[[@bib26]\]. Interestingly, there were 6 metabolites that were identified in the same organ in both studies: glycerophosphoglycerol in flag leaves at the flowering stage from the change in level under severe stress and after rewatering; dehydroascorbic acid dimer in flag leaves at the early grain-filling stage from the constitutive metabolite levels and the rewatering response; malic acid in flag leaves at the early grain-filling stage under severe stress and after rewatering; erythronic acid in flowering spikelets under severe stress and after rewatering; isocitric acid in developing seeds under severe stress and after rewatering; and pyruvic acid in developing seeds under severe stress and after rewatering. In addition, erythronic and threonic acid were each identified in a total of 5 different organs/treatments, and isocitric, phosphoric, and gluconic acid in 4 different organs/treatments. We hypothesize that these metabolites are particularly promising candidates as markers to select for yield stability under combined drought and heat stress. Obviously, this hypothesis needs further testing with a larger panel of genotypes.

Correlations between changes in metabolite levels after rewatering and the increase in the proportion of chalky grains under stress {#sec3-5}
-----------------------------------------------------------------------------------------------------------------------------------

Only 6 metabolites showed significant correlations between their changes 60 hours after rewatering and the increase in the proportion of chalky grains under stress (Table [2](#tbl2){ref-type="table"}). Five of these metabolites showed significant correlations in flag leaves, and 1 in developing seeds. Four of the metabolites identified in flag leaves showed negative correlations (glycerophosphoglycerol, sucrose, A137012, A170001), indicating that larger changes after rewatering were associated with smaller increases in the fraction of chalky grains, i.e., higher tolerance to combined drought and heat stress. The other 2 metabolites showed positive correlations either in flag leaves (*trans*-sinapic acid) or in developing seeds (arabitol). Only arabitol showed an overlap with the marker metabolite candidates for seed quality stability under combined drought and heat stress that were identified in our previous investigation, however, in a different organ and treatment \[[@bib26]\].

###### 

Correlation between increase in the fraction of chalky grains and changes in metabolite levels

  Organ/Developmental stage               Metabolite               Correlation coefficient
  --------------------------------------- ------------------------ -------------------------
  Flag leaves/Flowering stage             Glycerophosphoglycerol   −0.80
                                          *trans*-Sinapic acid     0.78
                                          Sucrose                  −0.70
  Flag leaves/Early grain-filling stage   A137012                  −0.70
                                          A170001                  −0.75
  Developing seeds                        Arabitol                 0.78

Metabolites with significant correlations (Spearman\'s rank correlation, *P* \< 0.05) between stress-induced increase in the proportion of chalky grains and the changes in metabolite levels (expressed as log~2~-fold change) 60 hours after rewatering relative to severe stress are shown together with the corresponding correlation coefficients. The analysis was performed for metabolites from flag leaves collected during the flowering and early grain-filling stages, flowering spikelets, and developing seeds. However, no metabolite showed significant correlation in flowering spikelets.

Potential Implications {#sec4}
======================

Our analysis showed that under well-watered control conditions significant metabolic changes occurred over a period of only 3 days. These changes were particularly pronounced in developing seeds, while the metabolome of flag leaves was much more stable. This implies that the choice of reference point to determine metabolic changes due to different treatments can significantly influence the final results and interpretations, and that the effect of this choice will even depend on the investigated organ. Because development, and therefore changes in metabolites that are unrelated to stress effects, may occur at a different rate under stressed compared to non-stressed conditions, it may be virtually impossible to determine a single "absolutely correct" time point to use as the control. We suggest that the only solution to this problem is a cautious and very careful interpretation of such data, taking into account developmental changes in metabolite levels of the organ of interest.

Second, our data suggest that while many stress-responsive metabolites returned to (almost) control levels within 3 days after stress relief, this was clearly not true for all such metabolites. While this may in part be due to the additional developmental effects on metabolites as discussed above, these persistent metabolic changes are a sign of metabolic imprinting \[[@bib48]\]. Metabolic imprints may lead to a modified stress response under a recurrent stress situation. Such phenomena have been defined in the recent literature as stress memory (see Hilker et al. \[[@bib49]\] for a review). While the present study did not investigate stress memory effects, this aspect clearly warrants further research, also in the light of the predicted increase in erratic weather patterns due to global climate change.

Methods {#sec5}
=======

Experimental set-up {#sec5-1}
-------------------

Crop husbandry and treatment imposition were performed as described in our previous report \[[@bib25]\]. Three rice (*Oryza sativa* L.) cultivars were grown in the field at the IRRI, Philippines, during the dry seasons of 3 consecutive years (2013--2015). The cultivars N22 (*aus* ssp.; drought, heat, and combined drought and heat tolerant), Dular (*aus* ssp.; drought tolerant, heat and combined drought and heat susceptible), and Anjali (*indica* ssp.; drought, heat, and combined drought and heat susceptible), which were selected on the basis of their differential responses to independent or combined drought and heat stress during the reproductive stage \[[@bib23], [@bib50]\], were used in these experiments. Plants were staggered-sown in separate plots allocated for drought imposition during flowering and early grain filling. This planting approach allowed for the 2 developmental stages to occur simultaneously in the 3 cultivars during late April to early May, which is the hottest period at IRRI. Consequently, the 3-day rewatering period that we monitored occurred in early to mid-May, which recorded an average maximum ambient air temperature of 33.8 ± 0.83°C across the 3 years, compared with 34.3 ± 0.50°C during the stress period. On the last day of the drought stress treatment, when the soil water potential had reached an average of -46.6 ± 11.1 kPa across all experiments \[[@bib25]\], the drought-stressed plots were rewatered starting at 18:00. It took ∼3 hours until the plots were fully irrigated, and they were subsequently kept fully flooded until harvest. In parallel, control plots were kept fully flooded throughout the experiment. It should be pointed out that a true control, i.e., growth under well-watered conditions with lower air temperatures, was not possible to include in this type of field experiment.

Sample collection {#sec5-2}
-----------------

Flag leaves, flowering spikelets, and developing seeds were collected in 3--5 replicates per cultivar from control plots, at the end of the drought stress period and during the first 3 days of rewatering. We collected 385 samples in 2013, 376 in 2014, and 390 in 2015, making up a total of 1,151 samples that were analyzed by GC-MS. Combining replicates from the 3 years, we obtained 15 replicates in ∼83% and 14 replicates in ∼10% of all cases, i.e., tissues, cultivars, and treatments. The sampling time was between 9:00 and 11:30 to avoid the effects of circadian rhythms on metabolite content. Because the plots were fully flooded at ∼21:00 on the day of irrigation after the drought treatment, the collection of samples during the first rewatering time point (i.e., on the following day) corresponded to 12 hours of rewatering. The subsequent time points, which were on consecutive days, were thus at 36 and 60 hours after rewatering.

Spikelets flowering at the time of sampling, as well as flag leaves at that developmental stage, were collected from the flowering stage drought-stress plots. The samples from stressed plants were the same as those denoted "severe stress" in our previous report \[[@bib26]\]. It should be noted that most of the spikelets were from panicles trapped within the flag leaf sheath during the drought stress treatment and were just exserted upon rewatering. The corresponding control samples for flowering spikelets and flag leaves at the flowering stage were collected only once from the control plot and were the same samples as described previously \[[@bib26]\]. Developing seeds, which were marked as flowering spikelets during the first few days of drought stress (see \[[@bib26]\] for details), were collected from both the corresponding control and stress plots at every rewatering time point. The developing seeds were collected 10--12, 11--13, and 12--14 days after flowering for the 12, 36, and 60 hours rewatering time points, respectively, across the 3 experiments. In addition, flag leaves from tillers with panicles at the grain-filling stage were collected from the control and early grain-filling stage drought-stress plots. Further details of the sample collection have been described previously \[[@bib26]\].

Metabolite profiling and data processing {#sec5-3}
----------------------------------------

Metabolite profiling and data processing were performed as reported by Lawas et al. \[[@bib26]\]. A fraction enriched in small primary and secondary metabolites was extracted from liquid nitrogen quenched ground tissue samples and was analyzed by gas chromatography coupled to electron impact ionization time-of-flight mass spectrometry as previously described \[[@bib53]\]. The mass spectral intensities of identified metabolites were normalized to sample fresh weight and ^13^C~6~-sorbitol as internal standard. All metabolomics data are freely available \[[@bib41], [@bib54]\].

Statistical analysis {#sec5-4}
--------------------

Statistical analyses were executed using R version 3.4.0 \[[@bib55]\] and RStudio version 1.0.153 \[[@bib56]\]. Data preprocessing (handling of missing values, normalization to remove effects of measurement batch and sequence, outlier detection, normalization, and transformation) prior to the main statistical analyses were the same as in our previous report \[[@bib26]\], where we emphasized that all data preprocessing was performed including all samples collected during the stress and rewatering time points to enable direct comparisons. Preprocessed data from the 3 experiments were combined into 1 data set for each organ per developmental stage (flag leaves at the flowering stage, flag leaves at the early grain-filling stage, flowering spikelets, developing seeds). Mean values of samples collected during the control, stress, and rewatering time points were Pareto-scaled and mean-centered, and subjected to PCA using the probabilistic method from the "pcaMethods" package (version 1.60.0) \[[@bib57]\]. Scores obtained from the PCA were plotted using the "ggplot2" package (version 2.2.1). Differences between metabolite levels of flag leaves collected during the early grain-filling stage and of developing seeds obtained at different time points under fully flooded control conditions were assessed by comparing the relative metabolite levels (median-normalized and log~2~-transformed values) of control samples collected during each of the rewatering time points to the control samples collected in parallel to the stress time point (rewatering time points 0 hours to 60 hours). In addition, we compared the relative levels of metabolites that were significantly responsive to severe stress \[[@bib26]\] before and after rewatering in each of the organs. The relative metabolite levels during rewatering were also compared to the relative metabolite levels under control conditions to evaluate how far the stress effects were reversed. In this case, all metabolites (i.e., not only the stress-responsive metabolites) were included in the analysis. All comparisons were performed using the Wilcoxon-Mann-Whitney test after assessing the normality of the data by the Shapiro-Wilk test (R package *"*stats" version 3.4.0). Metabolites that showed significant differences in the comparisons were plotted in Venn diagrams ("VennDiagram" package, version 1.6.17) and in heat maps with hierarchical clustering using Euclidean distance and mean linkage ("gplots" package, version 3.0.1). Correlation analysis between the stress-induced changes in grain yield and quality (measured in terms of the proportion of "chalky grains," i.e., grains with \>50% chalk content) and in the change in metabolite levels between the 60 hours rewatering and the stress time points was performed using the Spearman\'s rank method (R package "stats"). Data on grain yield and quality from our previous report \[[@bib25]\] were used. Preprocessed metabolite data were median-normalized and log~2~-transformed per experiment. A total of 9 values (3 cultivars × 3 years) were used for the correlation tests. All code used in these analyses is freely available \[[@bib58]\].

Availability of supporting data and materials {#sec6}
=============================================

The data set supporting the results of this article is available in the EMBL-EBI (European Bioinformatics Institute) MetaboLights database \[[@bib41], [@bib54]\] with the identifier MTBLS801. Snapshots of our code and other data supporting this research are available in the *GigaScience* repository, GigaDB \[[@bib42], [@bib59]\].

Availability of source code and requirements {#sec7}
============================================

Project name: Rice_HxD_Recovery_Metabolomics

Project home page: <https://github.com/llawas/Rice_HxD_Recovery_Metabolomics>

Operating system: Windows 7

Programming language: R

License: GNU General Public License

[RRID:SCR_017204](https://scicrunch.org/resolver/RRID:SCR_017204)

Additional files {#sec8}
================

**Additional file 1 (PDF)**. Venn diagrams showing the number of metabolites in flag leaves at the flowering stage with altered levels after rewatering relative to control levels. Numbers indicate common and cultivar-specific metabolites with a significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) increase (A, C, E) or decrease (B, D, F) in levels 12 hours (A, B), 36 hours (C, D), and 60 hours (E, F) after rewatering relative to levels in control plants. Numbers in parentheses indicate the total number of metabolites with increased/decreased abundance in each cultivar.

**Additional file 2 (PDF)**. Heat map of metabolites in flag leaves at the flowering stage with altered levels under stress and/or after rewatering (RW) relative to control levels. Metabolites showing significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) changes in levels under severe stress and 12, 36, and 60 hours after RW relative to control levels. Metabolites correspond to those illustrated in the Venn diagrams in Additional file 1. The values, expressed as log~2~-fold change in the indicated comparisons, are color coded and hierarchically clustered using Euclidean distance and average linkage. Asterisks indicate the level of significance (\* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001). Metabolites in black font are responsive either only to stress or to both stress and RW, while metabolites in red font are responsive only to RW.

**Additional file 3 (PDF)**. Venn diagrams showing the number of metabolites in flag leaves at the early grain-filling stage with altered levels after rewatering relative to control levels. Numbers indicate common and cultivar-specific metabolites with a significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) increase (A, C, E) or decrease (B, D, F) in levels 12 hours (A, B), 36 hours (C, D), and 60 hours (E, F) after rewatering relative to levels in control plants. Numbers in parentheses indicate the total number of metabolites with increased/decreased abundance in each cultivar.

**Additional file 4 (PDF)**. Heat map of metabolites in flag leaves at the early grain-filling stage with altered levels under stress and/or after rewatering (RW) relative to control levels. Metabolites showing significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) changes in levels under severe stress and 12, 36, and 60 h after RW relative to control levels. Metabolites correspond to those illustrated in the Venn diagrams in Additional file 3. The values, expressed as log~2~-fold change in the indicated comparisons, are color coded and hierarchically clustered using Euclidean distance and average linkage. Asterisks indicate the level of significance (\* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001). Metabolites in black font are responsive either only to stress or to both stress and RW, while metabolites in red font are responsive only to RW.

**Additional file 5 (PDF)**. Venn diagrams showing the number of metabolites in flowering spikelets with altered levels after rewatering relative to control levels. Numbers indicate common and cultivar-specific metabolites with a significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) increase (A, C, E) or decrease (B, D, F) in levels 12 hours (A, B), 36 hours (C, D), and 60 hours (E, F) after rewatering relative to levels in control plants. Numbers in parentheses indicate the total number of metabolites with increased/decreased abundance in each cultivar.

**Additional file 6 (PDF)**. Heat map of metabolites in flowering spikelets with altered levels under stress and/or after rewatering (RW) relative to control levels. Metabolites showing significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) changes in levels under severe stress and 12, 36, and 60 h after RW relative to control levels. Metabolites correspond to those illustrated in the Venn diagrams in Additional file 5. The values, expressed as log~2~-fold change in the indicated comparisons, are color coded and hierarchically clustered using Euclidean distance and average linkage. Asterisks indicate the level of significance (\* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001). Metabolites in black font are responsive either only to stress or to both stress and RW, while metabolites in red font are responsive only to RW.

**Additional file 7 (PDF)**. Venn diagrams showing the number of metabolites in developing seeds with altered levels after rewatering relative to control levels. Numbers indicate common and cultivar-specific metabolites with a significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) increase (A, C, E) or decrease (B, D, F) in levels 12 hours (A, B), 36 hours (C, D), and 60 hours (E, F) after rewatering relative to levels in control plants. Numbers in parentheses indicate the total number of metabolites with increased/decreased abundance in each cultivar.

**Additional file 8 (PDF)**. Heat map of metabolites in developing seeds with altered levels under stress and after rewatering (RW) relative to control levels. Metabolites showing significant (Mann-Whitney-Wilcoxon test, *P* \< 0.05) changes in levels under severe stress and 12, 36, and 60 hours after RW relative to control levels. Metabolites correspond to those illustrated in the Venn diagrams in Additional file 7. The values, expressed as log~2~-fold change in the indicated comparisons, are color coded and hierarchically clustered using Euclidean distance and average linkage. Asterisks indicate the level of significance (\* *P* \< 0.05; \*\* *P* \< 0.01; \*\*\* *P* \< 0.001). Metabolites in black font are responsive either only to stress or to both stress and RW, while metabolites in red font are responsive only to RW.
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GC-MS: gas chromatography--mass spectrometry; IRRI: International Rice Research Institute; PC: principal component; PCA: principal component analysis; RW: rewatering.
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